The blackbody cavity sensor formed by two coaxial tubes has been widely used in continuous temperature measurement of molten steel. However, due to the closed bottom of the inner tube, the temperature accuracy, response time and temperature measurement stability are seriously affected. It's necessary to redesign and improve sensing mechanism of the traditional design, which involves multidisciplinary knowledge, including materials, heat and flow science. This paper proposes a virtual verification-based design improvement method for blackbody cavity sensor. After redesigning the structure of the sensor, a virtual model for the sensor is established. Through real-world experiment, it is found that for the temperature measurement accuracy, the deviation between the simulation and the real-world experimental result is less than 1.5 • C, and for the stability time of temperature measurement, the simulation result has a deviation from the real-world experimental result less than 15%. This verifies the accuracy of the virtual model. On this basis, model simulation for further possible optimal structures and parameters is carried out, and the influence of different nitrogen flow rates and inner tube lengths on the temperature measurement accuracy and the stability time for temperature measurement is further analyzed.
I. INTRODUCTION
Blackbody cavity sensor for continuous temperature measurement of molten steel has been widely used in steel industry, as shown in Fig. 1(a) . It consists of a cylindrical outer tube and a coaxial inner tube. [1] , [2] .
The sensor has the advantages of longer service life (20-40 hours), higher accuracy (measurement error ≤±3 • ) [3] , and lower cost which is lower than the platinum rhodium thermocouple. Its ability of continuous measurement plays an important role in optimization and control of the casting speed and the safe continuous casting production [3] , [4] .
The sensor adopts a coaxial casing structure. The outer tube blocks the erosion of molten steel, which is made of refractory material. The inner tube creates a clean temperature The associate editor coordinating the review of this manuscript and approving it for publication was Jenny Mahoney. measuring cavity, which is a corundum tube closed at the bottom end [3] . However, since the molten steel temperature reaches 1470-1650 • C [4] , [5] , in actual use, the following threes problems will occur. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/
(1) Due to the closed semicircle at the bottom of the corundum tube, material stress distribution is uneven, resulting in asymmetry of the corundum tube and fracture in severe cases. (2) At high temperature, the inner corundum tube is prone to creep, causing the corundum tube to bend. (3) There is a thermal shock problem when the tundish inserts or pulls out molten steel, which easily breaks the inner corundum tube.
To address the above problems, it is proposed to remove the semicircular bottom of inner corundum tube and appropriately shortens its length, as shown in Fig. 1(b) .
But, under high temperature of molten steel, impurity, the main component of which is sodium oxide, will be evaporated from the outer Al-carbon tube. Melting point of the impurity is around 1275 • C. When the temperature is higher than the melting point, the impurity is a transparent gas, which does not affect the temperature measurement. Otherwise, the impurity gas will aggregate into particles [6] , blocking the optical paths and reducing the intensity of the radiation energy received by the sensor, thereby affecting the temperature measurement results. To avoid the influence of impurity on temperature measurement, nitrogen gas is blown into the sensor from the top of inner corundum tube. Meanwhile, two vent holes are drilled at the upper part of the outer Al-carbon tube to allow exhausting nitrogen and impurity. However, different nitrogen flow rates and inner tube' lengths will affect the temperature measurement accuracy and the temperature measurement stability time (MSTime).
To deeply analyze the theoretical basis and influence mechanism, the following issues need to be considered.
i. Blowing off soot particle and vapor belongs to the category of turbulent diffusion multiphase flow. ii. The sensor is partially inserted into molten steel. So the influence of phase change on the turbulent diffusion needs to be considered, which is caused by the temperature gradient distribution in the cavity of sensor. iii. The phase change affects radiation heat transfer, including the blocking of radiation path, the variation of the absorption and scattering coefficient. iv. The phase change is also accompanied by endothermic and exothermic process, which affects the temperature distribution in the cavity.
The complex process involves temperature field including heat transfer, convection heat transfer, radiation heat transfer and heat transfer in phase change, and flow field including turbulent diffusion, multiphase flow and Buoyancy-driven flow. Thus, the process is more complicated.
To provide theoretical basis for design improvement of the sensor, establish an accurate virtual model and obtain optimal design parameters, this paper first proposes a virtual verification-based design improvement method. Then this paper redesigns the structure of the blackbody cavity sensor, and establishes a corresponding virtual model of the sensor, including geometry model, multi-physical field model, material physical properties and boundary conditions. Through comparison between real-world experiment and virtual simulation, the virtual model is corrected gradually until the accuracy of the virtual model is verified. Finally, based on the verified virtual model, the design improvement can be carried out through simulation, including the influence of different nitrogen flow rates and inner tube's lengths on the temperature measurement accuracy and temperature MSTime.
The remainder of the paper is organized as follows. In section II, a virtual verification-based design improvement method is proposed. In section III, a virtual model of the blackbody cavity sensor is established. To verify accuracy of the virtual model, a verification method is presented from two aspects in section IV. Based on the verified virtual model, in section V, the design improvement for the blackbody cavity sensor is carried out, which points out the possible design optimization scheme. Finally, section VI gives a succinct conclusion.
II. VIRTUAL VERIFICATION-BASED DESIGN IMPROVEMENT METHOD
In this section, a virtual verification-based design improvement method for blackbody cavity sensor is proposed, as shown in Fig. 2 . The method includes the following three steps.
Step 1 (Virtual Model Establishment): As shown by the blue line in Fig. 2 , the goal of this step is to build a virtual model after considering possible improvement schemes. While establishing the virtual model that has high fidelity with the physical sensor and can truly reflect it, it is necessary to construct the following four aspects [7] , [8] .
(i) Geometry model. The dimensions of the blackbody cavity sensor and each component need to be described. The dimension parameters come from the existing product or the new design scheme. (ii) Behaviour-rule-constraint model. This model describes the performance and behaviours of the sensor, such as input, output, operating mechanism, reaction mechanism and so on. It involves multidisciplinary knowledge including heat transfer, convection heat transfer, radiation heat transfer, turbulent diffusion, multiphase flow, phase change, and the like. (iii) Material properties. This model is used to describe the material properties used in various components of the sensor, such as density, hardness, specific heat capacity, standard-state enthalpy, thermal conductivity and viscosity. (iv)Boundary conditions. It is mainly used to describe the boundary conditions involved in the use of the sensor, such as initial temperature distribution, initial position and measuring range.
After building the virtual model, simulation computation needs to be carried out with analysis tools, such as finite element analysis and user-defined algorithms. Then the virtual model is gradually corrected through comparing the simulation results with the design expectations.
Step 2 (Virtual Simulation and Real-World Experiment): This step is shown by the green line in Fig. 2 . After considering possible improvement schemes, a physical prototype is produced. Then, on the one hand, the boundary conditions are configured in the virtual environment and simulation analysis is carried out. On the other hand, in the real-world environment, the same conditions as the virtual environment are set and the physical prototype is performed. By comparing the simulation results with the experimental results, if the results of both are consistent or the deviation between both is within the error tolerance, the virtual model is verified. If the deviation does not meet the expected value, the virtual model needs to be constantly corrected until the results meet the requirements. The virtual model is thus verified.
Step 3 (Design Improvement Based on the Verified Model): The process of this step is shown by the orange line in Fig. 2 .
Only if the virtual model is verified, it is possible to carry out simulation experiment to optimize design parameters. This paper sets the initial conditions and boundary conditions for the virtual simulation that are consistent with the real-world environment. Through simulation, one can make sense of the influence of different nitrogen flow rates and different inner tube's lengths on temperature measurement accuracy and MSTime. Then the final design parameters of the sensor can be determined after weighing the advantages and disadvantages in actual use.
III. VIRTUAL MODEL FOR BLACKBODY CAVITY SENSOR A. GEOMETRY MODEL
The structure of the sensor is as shown in Fig. 1(b) , as well as the movement of nitrogen and impurity. The portion of the fixing tube and the outer tube above the vent holes are not established in geometry model, as shown in Fig. 3(a) , because the upper part of the sensor is above the molten steel, and its temperature distribution has little effect on sensor's temperature measurement accuracy and MSTime. The geometry model consists of the solid region, i.e., outer Al-carbon tube and inner corundum tube, and the fluid region, i.e., internal cavity surrounded by the two tubes.
The constructed geometry model needs to be meshed, as shown in Fig. 3 (b). In this research, meshing of the geometric model is performed in Gambit software, which has several methods for evaluating mesh quality, such as Aspect Ratio, Diagonal Ratio, Edge Ratio, EquiAngle Skew, Equi-Size Skew, MidAngle Skew, Size Change, etc. Three more important and popular methods are chosen to evaluate the mesh quality, including EquiSize Skew, EquiAngle Skew, and Size Change. a) EquiSize Skew is the skewness calculated by the cell size. In general, EquiSize Skew is between 0 and 1, with 0 being the best quality and 1 being the worst quality. The EquiSize Skew value of this structure is below 0.6, the EquiSize Skew of more than 90% of the meshes is below 0.5. b) EquiAngle Skew calculates the skewness by the cell angle, between 0 and 1, with 0 being the best quality and 1 being the worst quality. The EquiAngle Skew value of this structure is below 0.6. c) Size Change refers to the ratio of adjacent cell sizes, only for 3D cells, preferably within 2. The Size Change value of this structure is below 2 VOLUME 7, 2019 With the evaluation of above three methods, the mesh quality of this structure is acceptable from the engineering viewpoint, which can meet the subsequent calculation requirements.
B. MULTI-PHYSICAL FIELD MODEL 1) HEAT CONDUCTION AND CONVECTION HEAT TRANSFER MODEL a: HEAT TRANSFER AND CONVECTION HEAT TRANSFER MODEL FOR FLUID REGIONS AND FLUID-SOLID REGIONS [9] Heat transfer model between nitrogen, soot vapor and the solid regions of the cavity is established as follows:
Heat transfer model for soot particle phase in the fluid region is established as follows:
where k eff ∇T and h j J j represent the energy transfer caused by heat conduction and component diffusion, respectively. E represents the total energy of the fluid micelle, i.e., the sum of internal energy and kinetic energy, is given by
For convection heat transfer, the Buoyancy-driven flow needs to be considered. The density of the substance needs to be set to a temperature-dependent function ρ = f (T ). The material parameters' function expression of nitrogen, soot particle and soot vapor can be found in [6] , [10] , [11] . b: HEAT TRANSFER MODEL FOR SOLID REGIONS [9] The outer wall of the Al-carbon tube under molten steel and the wall of the inner corundum tube have heat sources S h , and the heat transfer model is as follows:
There is no heat source in other parts of the solid regions, and the heat transfer model can be simplified as
where the thermal conductivity k s of the inner and outer tubes is isotropic, and can be set as a scalar constant.
2) RADIATION HEAT TRANSFER MODEL
The sensor is worked under high temperature around 1800K, and radiation heat transfer plays an extremely important role. The Discrete Ordinates (DO) radiation model is adopted considering the optical thickness (a + σ s )s, the scattering of soot particles and the effect of soot particles on radiation. Gray-band radiation model is used to simulate non-gray radiation. Based on the spectral intensity I λ ( r, s), the radiation transfer equation is as follows [12] , [13] :
The scattering coefficient, scattering phase function and refractive index are considered to be wavelength independent.
The non-gray DO radiation model divides the entire radiation spectral band into N bands and integrates the wavelengths over all wavelength ranges, thus obtaining a transport equation about I λ λ. Radiation heat transfer is contained within each band λ. Within each band, it is considered to be blackbody radiation, and its blackbody radiation in unit solid angle is as
where F(0 → nλT ) is the blackbody radiation in the range of 0 ∼ λ wavelength at temperature T under the medium of refractive index n, and λ 1 , λ 2 are the boundaries of the band. The blackbody cavity sensor in this research belongs to full-wave radiation. At any temperature in the cavity, the ratio of the radiation intensity of all wavelengths to the radiation intensity of the absolute blackbody at the corresponding wavelength is fixed. Therefore, it is regarded as gray radiation, that is, the emissivity is constant.
In actual use, soot particles will be evaporated from the outer tube, which block the radiation paths. The soot particles also have a scattering effect while absorbing part of the radiation energy. Therefore, the effect of particles on radiation must be considered while calculating radiation heat transfer.
In the radiation transfer equation, the effect of the particle phase [12] - [14] is expressed as
where E p , a p , and σ p are the equivalent emission, equivalent absorption coefficient and equivalent scattering coefficient of soot particles, respectively. They are defined as follows:
where the summation is performed on all N soot particles in volume V .
The inner walls of the sensor cavity belong to the opaque surfaces. When the radiation hits the surfaces, specular reflection and diffuse reflection will occur. The walls absorb some of the energy, while also radiates energy outward, which is related to the emissivity. Fig. 4 shows the radiation mechanism of the inner surfaces of the sensor [15] , [16] .
The expressions of wall emission energy, diffuse reflected energy, specular reflection energy and absorbed radiant energy in Fig. 4 are given as follows [15] , [16] : 
The incident radiant energy q in of the inner wall of the cavity is as
The net radiant energy q out leaving the wall is as follows:
For all s leaving the wall, the radiation intensity of the wall is as follows:
3) TURBULENCE MODEL In this paper, the nitrogen flow rates are set to 0.25-2.5m 3 /h. The Reynolds number is between 1000∼4000. Moreover, due to the complex geometry, the fluid flow in the cavity is considered to be a fully developed turbulence.
In the cavity of the sensor, there is no vortex, rotation and rapid change of tension during the blowing process of soot under the forced convection. The RNG k − ε model is economical and reasonable, and has a wide range of applications. The model has undergone practical tests of numerous engineering fluid problems and is relatively reliable. Therefore, this model [17] - [19] will be used as given below.
where α k and α ε are defined below where α 0 = 1.0:
and C 1ε = 1.42, C 2ε = 1.68, and the expression of C * 2ε is as follows:
and G k is given by
The established energy exchange model needs to consider the influence of Buoyancy-driven flow. Similarly, Buoyancy-driven flow also has an effect on turbulence. G b in (19) and (20) is given by
where Pr t = 1 α is the Prandtl number. α can be calculated from (21), where α 0 = 1 Pr = k µc p , and β is defined as
It can be seen from the k equation that Buoyancy enhances turbulence kinetic energy in the unstable layer and suppresses turbulence in the stable layer. In the ε equation, the effect of Buoyancy on turbulence is reflected in the constant C 3ε , which is calculated by the following equation:
where v is the component of the fluid velocity in the direction of gravity, and u is the component of the fluid velocity in the direction perpendicular to the direction of gravity.
4) MULTIPHASE FLOW AND INTERPHASE EXCHANGE MODEL
There is a phase change between soot particle and soot vapor in the cavity of the sensor. So, the Euler-Euler approach for multiphase flow is used to model this process, instead of the Euler-Lagrange approach which is only suitable for tracking inert particles. In the Euler-Euler approach, the Eulerian model is used based on the following three reasons. First, the Eulerian model is more accurate than the Mixture model. Second, the concentration of the soot in the upper cavity of the corundum tube is very low, while the concentration below the bottom of the inner corundum tube is relatively concentrated.
Finally, the drag model between each phase is relatively clear and more suitable for the Eulerian model.
a: MOMENTUM CONSERVATION EQUATION
The momentum conservation equation of Eulerian model is as follows:
where p and q stands for the two different phases, v pq is the interphase velocity (ṁ pq > 0 denotes the transfer mass from phase p to phase q, v pq = v p ;ṁ pq < 0 denotes the transfer mass from phase q to phase p, v pq = v q ), and the same principle applies toṁ qp . In addition, τ q is the q th phase stressstrain tensor, and given by
The F lift,q is often applied in occasions where the velocity gradient changes greatly, such as the swirling flow. For small particle fluid, the lift is negligible compared with the drag force. Obviously, the influence of lift can be ignored in this research. For the F vm,q , it is suitable for the second phase particle acceleration motion, and its density is much smaller than the main phase. In this research, the density of soot particle is much larger than nitrogen, so the virtual mass force is not considered.
With regard to the momentum equation of nitrogen phase, we note that nitrogen is the main phase, which is fluid and has no phase change, so there is no mass transfer. Its momentum conservation equation [20] is given as
where φ n represents the nitrogen-related parameters. With regard to the momentum equations of soot particle and vapor phase, it is noted that there is a phase change between the soot particle phase and the soot vapor phase. The momentum conservation equations of soot particle and soot vapor are shown as follows [20] , [21] :
where φ s and φ g represent the related parameters of the soot particle and soot vapor.
b: MASS CONSERVATION EQUATION
The mass conservation equation in the Eulerian model is defined for the volume fraction of each phase [20] , as shown below.
In other words, for the nitrogen phase, soot particle phase and soot vapor phase, the mass conservation equations are only slightly different, except that the nitrogen phase has no mass transfer.
c: ENERGY CONSERVATION EQUATION
The energy conservation equation in the Eulerian model [20] , [22] is shown as:
Similarly, for the three phases mentioned above, the energy conservation equations are slightly different. There is no energy transfer caused by mass transfer in the energy equation of the nitrogen phase. That is, there are no the items ofṁ pq h pq andṁ qp h qp .
d: INTERPHASE EXCHANGE COEFFICIENT
The momentum exchange between each phase is based on the exchange coefficient K qp [23] and is defined as follows:
Specifically, the drag model f between nitrogen and soot particles adopts the Syamlal-O'Brien model [24] , which is not given here. The Schiller and Naumann model [25] is used for the drag model between nitrogen and soot vapor, and between soot vapor and soot particles.
e: VISCOSITY MODEL OF SOOT PARTICLE
During the transfer and collision of soot particles, the momentum exchange between particles is affected by bulk viscosity [26] which is shown in (36), and shear viscosity which includes collisional viscosity [27] and kinetic viscosity [28] , as shown in (37) and (38). The concentration of soot particle in this research is very low, so the shear viscosity does not include the frictional viscosity. In the process of interaction between the three phases, nitrogen, soot particle and soot vapor in the cavity also have heat exchange with each other, which can be considered as a function of the temperature difference between different phases [20] .
where h pq = (h qp ) is related to the Nusselt number N u p of the p phase.
where k q is the thermal conductivity of the q th phase. And the Nusselt number N u p differs depending on the properties of different phases.
IV. VIRTUAL MODEL VERIFICATION WITH EXPERIMENT AND SIMULATION
Accuracy of the virtual model needs to be verified and continuously corrected until the accuracy satisfies the expected target. Here, accuracy of the virtual model is verified from two perspectives, i.e., temperature measurement accuracy (as shown in part A, section IV) and temperature MSTime (as shown in part B, section IV). The computation solution for the virtual model is performed in Fluent software tool, and the solution strategy is illustrated in Fig. 5 , including two steps. Step 1. Without considering the heat transfer, turbulence, phase transition and radiation caused by nitrogen and impurity, only setting the temperature distribution of outer wall of the outer tube, the simulation computation is performed until the temperature distribution of the sensor reaches a stable state. Step 2. Nitrogen with different flow rates is blown into the cavity. When the simulation reaches a new stable state, the influence of different nitrogen flow rates on the temperature measurement accuracy is analyzed. In addition, the influence of different nitrogen flow rates on MSTime also needs to be investigated to verify the virtual model.
A. VIRTUAL VERIFICATION FROM TEMPERATURE MEASUREMENT ACCURACY
The verification method from the perspective of temperature measurement accuracy is shown as verification method 1.
The reasons for the temperature deviation of 1.5 • C are as follows. Blackbody cavity sensor for molten steel mainly works in the range of 1400-1600 • C, and has been widely used in steel production. It is declared in the public data that the temperature measurement accuracy is ±3 • C [3] , but the real accuracy can reach ±1.5 • C. Therefore, it is relatively reasonable to set the deviation between simulation and realworld experiment to 1.5 • C. 
1) REAL-WORLD EXPERIMENT
As shown in verification method 1, sensor A and B i are inserted into the same tundish and measured simultaneously. The temperature measurement values of sensor A are the true molten steel temperature. Meanwhile, nitrogen with different flow rates are blown into sensor B i . Through analyzing the differences between the temperature measurement values of the two groups of sensors, the influence of different nitrogen flow rates on the temperature measurement value is obtained. Fig. 6 shows the temperature values of sensor A and B i after the temperature becomes stable. It can be seen that as the flow rate of nitrogen increases, the temperature deviation increases. Fig. 7 shows the temperature distribution, which is set as the initial temperature distribution of outer wall of the outer tube.
2) SIMULATION EXPERIMENT
In fact, while the temperature measurement value reaches a stable state, the soot particles and soot vapor have been blown out from the inner cavity. Therefore, in addition to configuring heat conduction and convection heat transfer model, only the material properties of nitrogen, inner corundum tube and outer Al-carbon tube need to be set before simulation computing. The specific property parameters of the three materials are no longer given in details, which are fitted as the temperature-dependent functions p = f (T ) [10] , [11] .
3) VIRTUAL MODEL VERIFICATION BASED ON SIMULATION AND REAL-WORLD EXPERIMENTAL RESULTS
Through simulation, the temperature distributions of the inner wall of the cavity under different nitrogen flow rates are obtained. Fig. 8 shows the temperature distributions.
After obtaining the temperature distributions of different nitrogen flow rates, the emissivity of the whole cavity can be calculated according to the existing calculation method [3] , [4] , as shown in column 4 of Table 2 . Simultaneously, with the below equation, temperature measurement deviations for different temperature distributions can be calculated [5] .
where ε C is the emissivity of the whole cavity, and T 0 is the true temperature of the target surface. The temperature deviations can be calculated with the cavity emissivity and target surface temperature in Table 2 by (42), as shown in column 5 of Table 2 .
Comparing Fig. 6 with Table 2 , it can be found that the deviation between the temperature deviation obtained by the real-world experiment and the one obtained by the simulation calculation is at most 1.4 • C, which satisfies the accuracy target set in this research. In addition, according to actual use, the nitrogen flow rate is usually not higher than 2m 3 /h. Through simulation and real-world experiment, it is found that when the nitrogen flow rate is less than 2m 3 /h, T < 0.5 • C, which meets the actual needs of the sensor.
B. VIRTUAL VERIFICATION FROM MSTime
Verification for accuracy of the virtual model from one aspect alone is not sufficiently convincing. To more effectively verify the accuracy of the virtual model, this sub-section verifies it from another perspective, i.e., the temperature MSTime.
The verification method from the perspective of temperature MSTime is shown as verification method 2. For temperature MSTime, it is mainly affected by the material properties of outer tube of the sensor. The soot impurity in the cavity is produced by the Al-carbon tube at high temperature. Due to the difference in composition of different sensor outer tubes, the amount of soot impurities generated at high temperature will also vary, resulting in difference in temperature MSTime. Therefore, the temperature measurement stability time is set to 15%. 
1) REAL-WORLD EXPERIMENT
In real-world experiment, as shown in Fig. 9 , the insertion depth of blackbody cavity sensor is 450mm, the distance from the bottom end of the inner tube to the target surface is 390mm, and the furnace is heated to 1530 • . Then nitrogen with the flow rates of 0.25, 0.5, 0.75 and 1.0 (m 3 /h) is blown into the cavity. After the measurement values are stabilized, the temperature MSTime under different nitrogen flow rates are recorded. The temperature MSTime of the four groups are 120, 84, 74 and 18(s), respectively.
2) SIMULATION EXPERIMENT
The temperature at different positions of the cavity is measured by a thermocouple (only the parts inserted below the heating furnace are measured). The real-world measured temperature distribution of inner wall is used as the initial temperature distribution of the outer wall for simulation, as shown in Fig. 10 . With the Step 1 in Fig. 5 , the temperature distribution of the sensor is simulated. As a result, the temperature of the sensor is the same at the same height, whether it is the inner wall or outer wall of the inner tube/outer tube.
Before performing simulation, the material properties need to be set. With regard to the influence of different nitrogen flow rates on the temperature MSTime, the materials need to be considered include nitrogen, outer tube (Al-carbon), inner tube (corundum), soot particles (sodium oxide-solid) and soot vapor (sodium oxide-vapor). The properties of the five kinds of materials are fitted as the temperature-dependent functions p = f (T ) [6] , [10] , [11] . The specific physical parameters of the materials are no longer given in details.
In addition, it is necessary to initialize the concentration distribution of soot particles and soot vapor, as well as the temperature distribution of them. The fluid region of the cavity is divided into two parts of ''inner cavity-upper'' and ''inner cavity-lower'' at a phase change temperature of 1548K. The concentrations of soot particles and soot vapor are initialized at the upper and lower parts of the cavity, respectively. Meanwhile, the temperature distributions of soot particles and soot vapor need to be initialized. The initialization configuration is shown in Table 3 .
3) VIRTUAL MODEL VERIFICATION BASED ON SIMULATION AND REAL-WORLD EXPERIMENT RESULTS
Through simulation, the temperature MSTime under above four groups of nitrogen flow rates are obtained and compared with the real-world experimental results. Fig 11-(a) , (b), (c) and (d) are statistically calculated based on the above-mentioned verification method 2 under the nitrogen flow rates of 0.25, 0.5, 0.75 and 1.0 (m 3 /h), respectively. The regions need to be considered including the fluid region from the target surface to the bottom of inner tube and the fluid region wrapped inside the inner tube.
From Fig. 11 , it can be seen that the deviation of temperature MSTime between the simulation results and the experimental results is less than 11.11%, which satisfies the target of accuracy set in this research.
Considering the virtual verification from temperature measurement accuracy and MSTime, it can be found that for the temperature measurement accuracy, the deviation between the simulation result and the real-world experimental result is less than 1.5 • . And for the temperature MSTime, the deviation is less than 15%. Therefore, it can be considered that accuracy of the virtual model is successfully verified. And the setting of the boundary conditions during the simulation process is also satisfactory.
V. DESIGN IMPROVEMENT FOR BLACKBODY CAVITY SENSOR
Based on the verified virtual model, design improvement for the blackbody cavity sensor, such as optimizing the structure parameters and nitrogen flow rates, can be carried out. For the blackbody cavity sensor, factors that may affect the flow and temperature field in the cavity include the nitrogen flow rate, the distance from the bottom of inner tube to target surface and the insertion depth of the sensor. However, the insertion depth of sensor affects temperature distribution of the outer wall, which is equivalent to the influence of the different length of the inner tube. Therefore, this section will investigate the influence of different nitrogen flow rates and inner tube's lengths on the temperature measurement accuracy and MSTime. While the influence of the two factors on the pressure distribution, velocity field, soot concentration distribution in the cavity is not given in this paper due to space limitations. In this section, the sensor insertion depth is 450 mm, and the temperature distribution of outer tube is shown in Fig. 10 .
A. MSTime UNDER DIFFERENT CONDITIONS
To analyse the sensor temperature MSTime, this research uses the lowest soot concentration of 1.24 × 10 −7 in the four groups of experiments in part B, Section IV as the benchmark that does not affect the temperature measurement accuracy.
The nitrogen flow rates with 0.25, 0.5, 0.75, 1.0, 1.2, 1.5 and 2.0 (m 3 /h) and the distances from the bottom of inner tube to target surface with 200, 300, 390, 450 and 550 (mm) are considered in the following simulation to find the influence of temperature MSTime.
It can be found from Fig. 12 that with the same inner tube's length, as the nitrogen flow rate increases, the MSTime required for accurate temperature measurement is gradually reduced. And in the case of the same nitrogen flow rate, as the distance from the bottom of inner tube to the target surface is farther, the MSTime required for accurate temperature measurement is gradually increased. When the distance from the bottom of inner tube to the target surface is greater than 550 mm, the temperature measurement cannot be stable for a long time.
B. TEMPERATURE MEASUREMENT ACCURACY UNDER DIFFERENT CONDITIONS
To analyze the influence of different nitrogen flow rates and different inner tube's lengths on temperature measurement accuracy and analyze the possible optimal values for practical applications, this section considers the situations of nitrogen flow rates with 0.25, 0.5, 0.75, 1.0 and 1.5 (m 3 /h), and distances from the bottom of the inner tube to the target surface with 100, 130, 170 and 200 (mm). First, the emissivity (ε c1 ) of the whole cavity can be calculated with the existing method [3] , [4] , as shown in Table 4 .
Secondly, the reference emissivity (ε c0 ) of whole cavity without blowing nitrogen is calculated under the distance from the bottom of inner tube to the target surface with 100, 130, 170 and 200 (mm). Then, through (42), the temperature deviation caused by blowing nitrogen can be calculated based on ε 0 and ε 1 , as shown in Fig. 13 .
It can be seen from Fig. 13 that with the same inner tube's length, the larger the nitrogen flow rate is, the larger the deviation of the temperature measurement value is. In the case of the same nitrogen flow rate, as the distance from the bottom of inner tube to the target surface is closer, the deviation of the temperature measurement value is gradually increased, and vice versa. When the distance from the inner tube to the target surface is greater than 170 mm, even if the nitrogen flow rate is increased to 1.5 m 3 /h, its influence on the temperature measurement value is still weak. This is negligible compared to the temperature measurement accuracy of ±3 • [3] of the blackbody cavity sensor, so it can be considered that there is no influence on the temperature measurement.
VI. CONCLUSION AND FUTURE WORK
In the process of redesign improvement, virtual model verification is one of the critical steps, which involves multidisciplinary knowledge, including materials, heat and flow science. With regard to the shortcomings of the existing blackbody cavity sensor for continuous temperature measurement of molten steel, this paper first proposes the virtual verification-based design improvement method. After redesigning the structure of the blackbody cavity sensor, the corresponding the virtual model is established. Through the comparison between real-world experiment and virtual simulation, accuracy of the virtual model is well verified. Finally, based on the verified virtual model, the design improvement has been carried out through extensive simulation, including the influence of different nitrogen flow rates and inner tube's lengths on the temperature measurement accuracy and MSTime. Thus, the major contribution of this paper is that it provides a theoretical basis and real-world test guidance for sensor design and parameter selection.
Further improvement in the accuracy of the virtual model can be achieved from the following two aspects: (1) The heat conduction and convection heat transfer model, and turbulence model are relatively accurate and do not require further improvement. However, the radiation heat transfer model, multiphase flow and interphase exchange model may need to be further improved, because the two models involve the phase change of soot impurity. Nitrogen is blown into the composite cavity under high temperature conditions, and the physical field in the cavity is more complicated. Some empirical formulas and adjustable parameters are involved. This research work may not be able to adjust all parameters to the optimal values. Therefore, the related models established in this article may have room for further improvement.
(2) Another factor is the accuracy of solution computation, mainly including mesh size, mesh quality, and iterative solution step size.
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